In southern Benin, where population is growing and water demand for domestic activities is increasing, water balance assessment constitutes a serious concern about sustainability of water resources. Major ions have been employed with statistical methods to identify geochemical processes controlling groundwater quality. Multivariate statistical analysis (principal component analysis "PCA" and hierarchical cluster analysis "HCA") revealed the main sources of groundwater mineralization. According to the hydrochemical data and the methods of treatment, groundwater mineralization in the investigated aquifer is caused by four main processes: 1) mixing with Nokoué lake and Porto-Novo lagoon salt water causing salinity to increase in the southern part of the aquifer; 2) anthropogenic activities; 3) cation exchange process; and 4) soil CO2 diffusion providing a large proportion of bicarbonates.
Introduction
The Continental Terminal is the Mio-Pliocene formations made with sand, clay, clayed-sand, sandy-clay and gravels in the south of coastal sedimentary basin of Benin, Togo and southwestern Nigeria. The shallow aquifer of these formations constitutes the main water resource in that region most urbanized and where the densities of population, in Benin part, reach 5000 to 7000 inhabitants/km 2 [1] . That region is affected by environmental modification due to land use and land cover changes [2] while the growth of population and economic continues with an increase of groundwater demand. Moreover, this aquifer is located in marginal-littoral zone with ocean, lake and lagoon salt waters, as several coastal groundwaters in West-Africa. Consequently, to improve water resource management in these regions, it is important to understand the main process that controls groundwater mineralization. Groundwater quality could be influenced by many factors including climate, aquifer lithology, surface water recharge, seawater intrusion [3] [4] , waste water pollution, etc. Geochemical signatures of ground water combined with statistical methods could be used to identify the chemical processes that control hydrogeochemistry [5] - [8] . Therefore, geochemical and hydrochemical investigations of groundwater resources are important to observe the suitability of water for a particular use.
Several studies have investigated the Continental Terminal aquifer in Benin part to define its structure [9] - [12] , to estimate the hydrodynamic parameters and model the flow paths [10] [13] [14] , to evaluate the vulnerability of pollution [15] [16] and to evaluate the impact of human activities on the quality of the aquifer [17] - [22] .
The aim of this work is to use statistical analysis methods, particularly principal components analysis (PCA) and hierarchical cluster analysis (HCA) in treatment of geochemical data.
The PCA is a mathematical technique that is successfully applied to investigate problems in geological investigation, such as geochemistry [23] and environmental science [24] . This statistical method has several advantages over classical graphical approaches as it takes into consideration a huge amount of spatial and temporal data of water quality. The PCA is widely used as it is an unbiased method which can indicate associations between samples and/or variables [25] . This method is employed to reduce the dimensionality of the data set by explaining the correlation among a large set of variables in terms of a small number of underlying factors, or principal components, without losing much information [26] - [28] and allows assessment of associations between variables, since they indicate participation of individual chemical species.
The HCA indicates groupings of samples by linking inter-sample similarities and illustrates the overall similarity of variables within the data set [29] .
In this study, we use hydrochemical information to identify the natural and artificial processes that control groundwater mineralization in the Continental Terminal formations of coastal sedimentary basin of Benin. The integration of hydrological, geochemical data with statistical methods is used for delineating hydrochemical processes, identifying the consequences of the water-rock interaction and the mixing with surface water (lake, lagoon and Atlantic seawater).
Study Area
The coastal sedimentary basin is located in the southern of Benin and extends over the entire width of the territory from the borders of Togo in the west to Nigeria in the east. It is limited in the north by the Precambrian basement composed of magmatic and metamorphic rocks and in the south by the Atlantic Ocean (Figure 1) .
The coastal sedimentary basin, whose surface is about 12,000 km 2 , occupies 10% of Beninese territory, but contains about 35% of groundwater resources of the country [30] with 65% of the national population evaluated at 6,752,569 inhabitants in 2002 [1] .
The studied basin is in a subequatorial zone characterized by warm and wet climate with two rainy seasons (from mid-March to mid-August and from mid-September to November) and two dry seasons (from mid-August to mid-September and from December to mid-March). Average annual rainfall increases from the west (900 mm/year) to the east (1400 mm/year) [32] . The mean annual temperature is 27˚C and the evapotranspiration is about 1300 mm/year.
The coastal sedimentary deposits of Benin are part of the vast sedimentary basin of the Guinea Gulf (Keta basin) that extends from Ghana (in the West) to Nigeria (in the East) [33] . These deposits have a monoclinal structure characterized by a growing differential subsidence towards the southeast [34] . Eight stratigraphic units are identified based on the lithology and sedimentary indicators and extending from the upper Cretaceous (Tu- ronian-Conianian) to the Quaternary [31] [35] . The thickness and the lithology of these formations vary widely from the north to the south and from the east to the west. They consist of detrital formations (sand, gravel and clay), marls and limestones (Figure 1) .
The coastal sedimentary deposits contain four aquifers (aquifers of Turonian-Coniacian-Lower Unit I, Paleocene-Lower Unit II, Continental Terminal-Units V, VI and VII and Quaternary-Unit VIII), separated from each other by clay and marls layers [34] . The most important aquifers are those of Turonian-Coniacian and the Continental Terminal.
The present study focuses on the Continental Terminal aquifer which is logged in Miocene-Pliocene-Pleistocene continental deposits. According to [33] [31], the Continental Terminal begins with a sandy clay marine layer containing glauconite; the following deposits are continental and consist of sand, sandy clay, clay and sandstone, so more detrital and coarse. Layers are discontinuous and irregular with lenticular forms.
The hydrogeological cross sections of Figure 2 and Figure 3 show the structure and geometry of the Continental Terminal aquifer in Allada and Sakété plateaus. These cross sections show 3 to 5 layers in the Continental Terminal consisting of sand, gravel, clay, sandy clay and clayey sand. Three horizons of aquifer are identified in these Continental Terminal layers; the aquifer reservoir is made of sand, gravel, and clayey sand [10] [12] . All these aquifer levels are hydraulically connected because of discontinuities and lenticular forms of layers especially in the southern of Allada and Sakété plateaus (Figure 3) . The Continental Terminal deposits thickness ranges between 60 meters in the north and about 200 meters in the southern of plateaus (Figure 2 and Figure 3) .
The piezometric maps of Continental Terminal shallow aquifer in the study zone [10] [12] indicate a northsouth flow direction from the depression of Lama towards Atlantic ocean, Porto-Novo lagoon, Nokoué and Ahémé lakes, which constitute the main discharge areas. Hydraulic gradients are generally low (0.1% to 0.3%) 
Material and Methods

Sampling and Measure of Parameters
For the assessment of the Continental Terminal shallow aquifer quality, 99 water samples were collected (95 from groundwater and 04 from surface water) from April 2005 to August 2011 in the study area (Figure 4) . The temperature, pH, and electrical conductivity (EC) were measured in the field. Also, the bicarbonates ( were determined in the field by titration with 0. 
NO
− were analysed at the Laboratory of Applied Hydrology of the University of Benin by means of ion liquid chromatography DIONEX ICS-1000 equipped with IonPac CS12A Analytical Column for cations, using methanesulfonic acid as eluent, and IonPac AS14A-7 μm Analytical Column for anions, using AS14A Eluent concentrate. The overall detection limit for ions was 0.04 mg/L. The ionic balance for all samples is between −5% and +5%.
The data of chemical analyses of the investigated groundwater samples are presented in Table 1 .
Water Types Analysis and Hypothetical Salt Combination Evaluation
Hydrochemical data were used to determine water types with Piper diagram. To confirm the results of Piper diagram, the hypothetical salt combination [36] is used to estimate different assemblages of (Na + K)Cl, MgCl 2 , CaCl 2 , CaSO 4 and Ca(HCO 3 ) 2 , etc.
Statistical Analysis
All statistical evaluations were carried out using XLSTAT 2006 for windows [37] . In order to identify the most important factors controlling the groundwater geochemistry, PCA was performed. Thirteen (13) hydrochemical Table 2 presents the matrix of correlation coefficients for the hydrochemical data in Continental Terminal aquifer system. The correlation coefficient matrix measures how well the variance of each parameter can be explained by relationships with other constituents. Diagonalization of the correlation matrix transforms the original p correlated variables into p uncorrelated (orthogonal) variables called principal components, which are weighted linear combinations of the original variables [25] [28] [38] .
The characteristic roots (eigenvalues) of the principal components are a measure of their associated variances and the sum of eigenvalues coincides with the total number of variables. Correlation of principal components and original variables is given by loadings and individual transformed observations are called scores. Eigenvalues and eigenvectors were calculated for the covariance matrix. Then, the data were transformed into factors. Table 3 presents the eigenvalues and the cumulative percentages of variance associated with each factor. Factor score coefficients are derived from the factor loadings. Factor scores are computed for each sample by a matrix multiplication of the factor score coefficient with the standardized data. The value of each factor score (Table 4) represents the importance of a given factor at the sample site. A factor score >+1 indicates intense influence by the process. Very negative values (<−1) reflect areas virtually unaffected by the process, and near zero scores reflect areas with only a moderate effect of the process.
In the HCA method, the distance between samples is used as a measure of similarity [29] . Among the hierarchical agglomerative cluster analysis techniques, such as the complete linkage (furthest neighbor), average lin- kage (between and within groups) and Ward's method, the last one was selected for this study. Ward's method clustering algorithm, using squared Euclidean distances as a measure of similarity/diversity metric, has been proven to be an extremely powerful grouping mechanism [39] . The same variables were used to classify all samples in this second analysis in order to identify the major processes of Continental Terminal shallow groundwater mineralization. For HCA, the Euclidean distance was chosen as the distance measure, or similarity measurement, between sampling sites. Cluster analysis allows the grouping of water samples according to their similarities in terms of 
Results and Discussion
Hydrogeochemistry Analysis
Electrical Conductivity (EC), pH, water temperature (T˚C) and major element concentrations measured between 2008 and 2011 are reported in Table 1 Figure 5 shows that 76% of groundwater samples are Cl-Na-Ca water type and 24% are HCO 3 -Ca-Na water type. Almost all the samples with electrical conductivity superior of 500 µS/cm are Cl-Na water type and have a Na/Cl ratio close to the ratio of Porto-Novo lagoon and Nokoué lake water (≈1) sampling in the same period. Moreover, lake and lagoon waters are Cl-Na-Ca water type ( Figure 5 ) such as the majority of studied groundwater. This indicates a high impact of surface salt water in their mineralization. The other samples (with EC < 500 µS/cm), located in the centre and northern of the plateaus are characterized by Cl-Na, Cl-Ca and HCO 3 -Ca water types.
The mineralization of Continental Terminal aquifer is then determinated by the predominance of Cl − (1.5 to 285.8 mg/l), Na + (0.002 to 168.07 mg/l), Ca 2+ (0.61 to 58.7 mg/l), and 3 HCO − (0 to 175.7 mg/l). To identify the origin and processes contributing to groundwater mineralization, some plots of relations between major elements are presented. The plot of Na + versus Cl − (Figure 6(a) ) shows a lot of points situated along the halite dissolution line. There is a high correlation between Cl − and Na + ( Table 2 and Figure 6(a) ) which correlate very well with electrical conductivity (r = 0.9); these two ions contribute a lot in studied groundwater mineralization and have a same source. Continental Terminal deposits do not contain evaporates. According to the lithology of the aquifer (sand and clay), Na + and Cl − come from the mixing with lagoon, lakes and ocean salt water and the dissolution of sea sprays by infiltrated rain water. Some points (samples No 6, 7, 8, 9, 14, 16, 55, 63, 64, 70, 74, 77, 80, 83) show a deficit of Na content on the plot of Na + and Cl − (Figure 6(a) ). Almost the same samples present an excess of Ca concentration on the plot of Ca 2+ and 3 HCO − (Figure 6(b) ). The processes in these points are indicative of reverse cation exchange reaction leading to a Na + adsorption on clay min- erals and a simultaneous release of Ca 2+ ions [40] . This exchange takes place by reaction with clay minerals existing in the matrix of Continental Terminal deposit [31] [33] . This hypothesis is supported by the graph in Figure 6(c) which reveals an increase inCa 2+ contents and a decrease in Na + contentsespecially in samples N˚ 63, 64, 70, 74, 77, 80, 83 and a lot of samples with EC < 100 µm/Cm. Some points (samples No 72, 76, 85 and a lot of points with EC < 100 µm/Cm) in the same graph show the cation exchange reaction (Ca 2+ adsorption on clay minerals and a simultaneous release of Na + ions). There are discreet correlations between 3 
HCO
− and Ca 2+ (r = 0.78) ( Table 2 and Figure 6 (b)), 3 
− and Mg 2+ (r = 0.51) and between Ca 2+ and Mg 2+ (r = 0.76) ( Table 2 ). The plot of Ca 2+ versus 3 HCO − (Figure 6(b) ) shows a lot of points along the carbonates dissolution line indicating calcite and dolomite indices dissolution. The contents of 3 
NO
− (0 to 165.9 mg/l) exceed the suitable limit (50 mg/l) for drinking water [41] in 11 samples ( Table 1) The calculated of the hypothetical salt combination [36] shows that the assemblage (Na + K)Cl, NaNO 3 , MgCl 2 and Ca(HCO 3 ) 2 characterizes the majority of water with electrical conductivity upper of 100 µS/cm (samples No 58 -95) ( Table 5 ). The NaCl water type dominates with more than 55% and concerns all waters with electrical conductivity superior of 500 µS/cm (samples No 83 -95) (Figure 6(c) ) especially as the Continental Terminal deposits are characterized by the presence of clays in lenticular forms [31] [33] . In conclusion, the variation in the salt assemblages among the studied groundwater samples is due to the difference in the hydrochemical compositions. 
Principal Component Analysis (PCA)
The obtained factors of PCA of collected groundwater samples are presented in Table 3 and Table 4 . The first factor has the highest eigenvalue sum and represents the most important source of variation in the data. Two factors, all describing 70.8% of the total variance of the data, are extracted to represent statistically the contributions influencing chemical composition of groundwater samples ( Table 3 (Figure 7) . The strong association of Na, Ca, Mg and Cl with EC on F1 indicates that these ions have dominant contribution to the explanation of this component which characterizes groundwater global mineralization. In the study zone, the only source of Cl − is the ocean salt water because there are no evaporites in the Continental Terminal formations. The high correlation between Na + and Cl − (r = 0.9) and the discreet correlations between Cl − and Ca 2+ (r = 0.7), Mg 2+ (r = 0.5), K + (r = 0.72) and 2 4 SO − (r = 0.54) ( , with lower temperature) . So, the upper horizon of the Continental Terminal aquifer, which is captured by wells, is affected by pollution because it receives more water recharge, by infiltration of rain water, than the lower horizons exploited by boreholes. Factor F2 represents also the water-rock interaction. In fact, the infiltration water containing CO 2 dissolves the indices of minerals and provides a part of Ca 2+ , Mg 2+ and 3 HCO − . The spatial repartition of factor scores for F1 and F2 shows high values at water points with electrical conductivity greater than 500 µS/cm (Figure 8) which are characterized by Cl-Na water types ( Figure 5 ) and located in more populated parts of localities on the edges of Porto-Novo lagoon and Nokoué lake (Figure 4) . This spatial distribution of factor scores confirms the movements of F1 as the component of salt water contribution and F2 as the component of anthropogenic pollution and CO 2 diffusion in studied groundwater mineralization.
Hierarchical Cluster Analysis (HCA)
The results of the HCA are presented in Figure 9 and Table 6 . The phenon line was drawn across the dendrogram at a linkage distance of about 10 ( Figure 9) . Thus, samples with a linkage distance lower than 10 are grouped into the same cluster. This position of the phenon line allows a division of the dendrogram into three (03) main groups which can be further divided in five (05) clusters of groundwater samples, named C1, C2, C3, C4 and C5. As mentioned by [42] , the number of clusters could be defined by moving the position of the phenon line up or down on the dendrogram. Observation of the dendrogram reveals some indications of the level of similarity between the five (05) clusters (Figure 9) . The first group (Group 1) is formed by clusters C1 and C2 and contains samples showing particularly higher values of electrical conductivity (EC > 500 µS/cm). These samples, located on the edges of Nokoué lake and Porto-Novo lagoon and in more populated part of localities, present Na-Cl water type and high contents of nitrates which strongly supports the hypothesis of the mixture with salt water and anthropogenic pollution in that region of studied aquifer. The group 2 is composed by clus- ters C3 and C4 and is characterized by samples with electrical conductivity comprised between 100 and 500 µS/cm. This group corresponds to samples with Cl-Na-Ca water type located in the center and southern parts of plateaus; in majority, these samples are concerned by cation Exchange processes (Figure 6 ). The third group consists of samples of clusters C5 presenting lower mineralization (EC < 100 µS/cm). Almost all HCO 3 -Ca water types are in this group but Cl-Ca-Na facies are predominant. This analysis therefore confirms the conclusions obtained by classical hydrochemistry study and Principal component analysis (PCA).
Conclusions
This study has successfully demonstrated the utility of multivariate statistical tools including factor analysis to characterize the groundwater mineralization processes in Continental Terminal shallow aquifer in the south of Benin.
The results of the factor analysis showed 2 factors (F1 and F2) that explained 70.8% of the total variance in the groundwater quality. The evolution according to F1 means impact of salt water which characterizes the southern part of Allada and Sakété plateaus, in particular, on the edges of Nokoué lake and Porto-Novo lagoon where the samples present electrical conductivity higher than 500 µS/cm and Cl-Na water-type. Moreover, the movement of F2 means influence of anthropogenic activities reflected by high nitrate contents in the samples taken in the most populated parts of Porto-Novo town. The Component F2 explains also the diffusion of soil CO 2 , origin of water alkalinity (as 3 
HCO
− ) and HCO 3 -Ca water type in the center and northern parts of plateaus. The water characterized by electrical conductivity inferior of 100 µS/cm is all implicated in Base Exchange processes.
The results of PCA are confirmed by HCA which defines three groups of samples based on electrical conductivity, water types and base exchange processes.
The results obtained through this work help to find the correlations between the sampling sites and the variables obtained by physical and chemical measurements, which can be used to construct a fast decision model for separating different water quality samples. The information could be helpful to official authorities in optimizing the groundwater management plan and enhancing their pollution control action in the south of Benin.
